Macrophages are considered to be the mediators of resistance to extra-intestinal Salmonella infections. Nevertheless, the initial cellular response to Salmonella infections consists primarily of polymorphonuclear leukocytes (PMN). To determine whether PMN serve an important function for the infected host, we made mice neutropenic with the rat mAb to RB6-8C5 and infected them i.v. with Ϸ10 3 Salmonella dublin or an isogenic derivative that lacks the virulence plasmid (LD842). We infected BALB͞c mice, which have a point mutation in the macrophage-expressed gene Nramp1 that makes them susceptible to Salmonella, and BALB͞c.D2 congenic mice, which have the wild-type Nramp1 gene that makes them resistant to Salmonella. Both mouse strains were resistant to LD842, and neutropenia made only the BALB͞c strain susceptible to this infection. Neutropenic congenic mice, however, were susceptible only to wild-type S. dublin (plasmid؉). These results show a complex interplay between plasmid-virulence genes in Salmonella, host macrophages, and PMN. Mice with normal macrophages need PMN to defend against nontyphoid Salmonella that carry a virulence plasmid but not against Salmonella without virulence plasmids. Mice with a mutant Nramp1 gene need PMN to defend against all Salmonella, even those that lack virulence plasmids. These results, plus the evidence that PMN kill Salmonella efficiently in vitro, suggest that Salmonella have adapted to grow inside macrophages where they are relatively sheltered from PMN. The adaptations that allow Salmonella to survive in macrophages do not protect them from PMN.
Salmonella are facultative intracellular pathogens that cause infections in animals and humans (1) . Salmonella cause a spectrum of diseases that includes gastroenteritis, septicemia, and enteric fever (2) . A number of microbial factors influence the severity of enteric fever in experimental animals, including lipopolysaccharides (3), rpoS-controlled spv genes on the virulence plasmid (4, 5) , and several phoP͞phoQ-controlled chromosomal genes (6) (7) (8) . Numerous genes found in pathogenicity island 1 (SPI1) are involved with epithelial cell invasion but not systemic infection (9) whereas genes in a second, newly described pathogenicity island (SPI2) are involved in systemic infections (10, 11) . Although all pathogenic salmonella contain SPI 1 and 2, only a small number of salmonella serotypes carry spv genes on virulence plasmids (12, 13) . However, the serotypes with virulence plasmids account for most of the systemic nontyphoid Salmonella infections in people (14, 15) and are the host-adapted pathogens of domestic animals (15, 16 ).
There are several host genes that contribute to resistance to Salmonella infections (17) . The best characterized host resistance gene is Nramp1, which is polymorphic in mice by virtue of a single amino acid substitution. The mutation results in susceptibility to infection by Salmonella, bacillus CalmetteGuérin, and Leishmania donovani (18, 19) . Nramp1 is expressed in macrophages, providing additional evidence that macrophages are crucial cells involved in resistance to Salmonella infection (19) . Mice with mutant Nramp1 genes die from Salmonella infection within the first 7 days after i.p. injection of Յ10 1 Salmonella dublin whereas congenic mice without the Nramp1 mutation are not killed by Ͼ10 4 bacteria injected i.p. (20, 21) . The mechanism of action of the Nramp1 protein is not known, but it is homologous to a family of transmembrane proteins that are ion transporters (22) .
The importance of macrophages in Salmonella pathogenesis is shown by the fact that all macrophage-sensitive mutants of Salmonella typhimurium are avirulent in BALB͞c mice (23) . Perhaps because the macrophage is clearly so important in the pathogenesis of enteric fever, the role of neutrophils [polymorphonuclear leukocytes (PMN)] in resistance to that infection has not been given much attention. PMN are known to play a crucial role in resistance to a number of pyogenic bacteria, but they generally are not considered to be an important component of host resistance to facultatively intracellular bacteria. Recently, Conlon and North (24, 25) used antibodies to either CR3 or a neutrophil-specific membrane protein (RB6-8C5) to make mice neutropenic, and they found that neutropenic mice have increased susceptibility to several facultative intracellular pathogens including Listeria, Francisella, and Salmonella (24, 25) . In this research we employed the rat mAb to RB6-8C5 to make mice neutropenic and to determine how neutropenia affects infection with Salmonella and how this relationship is altered by the Nramp1 allele of the host. As a result of these experiments, we propose an hypothesis to explain natural resistance to Salmonella infections.
METHODS
Mice and Infection. BALB͞c mice were purchased from The Jackson Laboratory. Congenic BALB͞c.DBA͞2.Idh-I b-Pep-3 b mice (26) were bred in our laboratory from breeding pairs kindly supplied by B. Zwilling (Ohio State University). Male and female mice were used and mixed evenly in all experiments. Mice were kept under specific pathogen-free conditions and were allowed free access to food and water. Mice were infected via a tail vein by injecting bacteria suspended in 0.2 ml of normal saline. At time of death, organs were removed and processed for quantitative cultures as described (27) . To do quantitative blood cultures, 50 l of peripheral blood was collected from the tail in a heparinized tube and was diluted appropriately in sterile saline before being applied to trypticase soy agar plates.
mAb. The rat hybridoma against RB6-8C5 was obtained from DNAX and was grown in a serum-free medium. The IgG2b antibody was purified on a protein G Sepharose column (Pharmacia LKB) and was adjusted to 0.9 mg͞ml, as measured by radial immunodiffusion (The Binding Site, Birmingham, U. K.).
White Blood Cell Counts. Peripheral blood was obtained from the tail in heparinized tubes. White blood cells were stained with methylene blue to facilitate counting in a Petrous Hauser chamber. Blood smears were prepared and stained with Diff-Quick stain (Baxter Diagnostics, McGraw Park, IL). To obtain a differential count, at least 100 nucleated blood cells from each mouse were examined at a magnification of ϫ1,000.
Bacteria. S. dublin lane (a clinical isolate) and the isogenic plasmid-cured strain LD842 have been described (20) . The purA mutant of S. dublin lane was a gift from B. Stocker (Stanford University). S. typhimurium 14028 was obtained from F. Heffron (Oregon Health Sciences University) and the isogenic phoP-mutant kindly was supplied by E. Groisman (Washington University). All bacteria were grown overnight in trypticase soy broth, were washed twice, and then were diluted for injection.
Isolation of Human Neutrophils (PMN). Peripheral blood (30 ml) was collected in acid citrate dextrose solution from normal volunteers. Erythrocytes were sedimented with 6% dextran (molecular weight 500,000) 1:1 in saline. The supernatant was centrifuged at 140 ϫ g for 10 min and the white blood cells were resuspended in PBS. Cells were underlayered beneath 7 ml of Histopaque-1077 (Sigma) and were centrifuged at 330 ϫ g for 20 min at 10°C. The pellet was removed and resuspended in PBS; erythrocytes were lysed if necessary with iced sterile water followed by 0.6 M KCl.
In vitro phagocytosis was assayed by using PMN in Hanks balanced salt solution with CaCl 2 (1M) 0.13% (vol͞vol), glucose (1M) 0.56%, MgCl 2 (1M) 0.05%, Hepes 0.25%, and 1% (vol͞vol) of 10% gelatin in water. For opsonization, we added an equal volume of autologous normal human serum. Bacteria were added in a volume of 0.1 ml, and the reaction mixture of 1.0 ml was rotated at 37°C. Aliquots of 100 l were removed at intervals, and PMN were lysed with cold water before the aliquots were diluted and plated on trypticase soy agar. After 30 min, 100 l were removed and used to prepare a Giemsa-stained slide that was examined at ϫ1000 magnification to determine the percentage of PMN that contained bacteria.
Statistics. Geometric means and standard deviations were calculated. The significance of differences between means was determined with the Mann-Whitney U test using SPSS version 7.5.1.
RESULTS
We injected several doses of anti-RB6-8C5 into mice to determine the optimal dose; all doses above 150 g resulted in profound neutropenia that lasted for 5 days, but the higher doses did not extend the period of neutropenia (Fig. 1a) . We were able to prolong the period of neutropenia to 7-8 days by injecting another 300 g i.p. on day 4 (Fig. 1b) . By day 9, the percentage of PMN rose to 7-10% in the mice given two doses of antibody, and by day 11 white blood cells were normal in all treated mice. None of the mice became ill spontaneously while they were neutropenic. In subsequent experiments, we used a regimen of 150 g followed by 300 g of antibody on day 4. To insure that anti-RB6-8C5 did not cause reticuloendothelial system blockade, we measured the clearance rate of 5 ϫ 10 3 S. dublin during the first 120 min after the bacteria were injected i.v. into mice. There was no difference in the clearance of the bacteria by neutropenic and control mice, and by 120 min, there were Ͻ100 colony-forming units͞ml in neutropenic and control mice (data not shown).
To determine the role of PMN in the systemic phase of S. dublin infection, we infected neutropenic, congenic BALB͞ c.D2 mice with 5 ϫ 10 3 S. dublin lane i.v. One day after infection, there was almost no difference in the numbers of bacteria in the livers and spleens of the neutropenic and control congenic mice. However, between days 1 and 3 of infection, bacteria grew faster in neutropenic mice ( Fig. 2a and Table 1 ) so that, on day 3, there were Ϸ10ϫ more bacteria in the spleens and 100ϫ more bacteria in the livers of neutropenic than of control mice. After day 3, the bacteria continued to grow rapidly in neutropenic mice, so that by day 6, no neutropenic mice were alive whereas four of four mice were alive in the control group (Fig. 2a) . To determine whether the enhanced virulence of S. dublin lane in neutropenic mice depended on the virulence plasmid, we infected congenic mice with the same number of the isogenic, plasmid-cured strain LD842 (12) . As shown in Fig. 2b , one day after infection, the numbers of LD842 in the liver and spleen of neutropenic and control mice were quite similar and were also nearly identical to what we found in the mice infected with the virulent lane strain. However, from day 1-3, the number of LD842 increased only Ϸ10-fold (Fig. 2b) , and the rate of growth of LD842 was only slightly higher in neutropenic than in control mice (Table   FIG. 1). After day 3, there was essentially no further net growth of LD842 in either the neutropenic or the control congenic mice, and all mice survived until day 9, the last day of the experiment. Thus, in BALB͞c.D2 mice, which have a wild-type Nramp1, host cells other than PMN (presumably macrophages) controlled the growth of LD842, but those cells were not sufficient to control the growth of S. dublin lane, which has a virulence plasmid.
We then asked whether PMN would play an even larger role in mice with a mutant Nramp1 gene. We have shown (20) that BALB͞c mice succumb to S. dublin lane infection but can survive an i.p. infection with up to 10 5 LD842. We injected 5 ϫ 10 3 colony-forming units (cfu) of LD842 i.v. into neutropenic and control BALB͞c mice and, to our surprise, the bacteria grew rapidly in neutropenic BALB͞c mice, reaching over 10 6 cfu͞spleen by day 3 and killing two of the four remaining mice before day 6 (Fig. 3a) . In control BALB͞c mice, there was only a small increase in bacterial numbers from day 1 to 6, which is consistent with what we have reported for oral and i.p. infections with LD842 in BALB͞c mice (20) . We repeated the experiment, injecting only 90 cfu of LD842 into neutropenic mice; again, the bacteria grew rapidly and killed half of the mice by day 6 (Fig. 3b) . Thus, in mice with a defective Nramp1 gene, nearly all of the host defense against LD842 actually depends on PMN.
These results implied that during the course of a Salmonella infection, macrophages from congenic but not BALB͞c mice acquire the ability to inhibit or kill the bacteria. We attempted to confirm this by removing peritoneal macrophages from both mouse strains on the third day after i.v. infection with LD842. After adhering the cells to plastic overnight, we added either opsonized (normal human serum) S. dublin lane or LD842. There was equal uptake of the Salmonella by both sets of macrophages, and there was no significant difference in bacterial counts after 4 and 18 hr of incubation (data not shown).
In the in vivo experiments described above, there was only a small difference between the numbers of cfu in control and neutropenic mice on day 1 after i.v. infection, but the differences increased with time. This suggested that PMN act primarily after the Salmonella have been taken up by their target cells, the tissue macrophages, and, probably, PMN act on bacteria that are released by dying macrophages. To see whether recovery from neutropenia PMN during the course of infection would slow the growth of salmonella, we delayed the injection of S. dublin an additional 2 days after the treatment with anti-RB6-8C5, which was long enough for the mice to recover from neutropenia before they died. By day 4 after infection, the mice were no longer neutropenic, and, coincident with that, the rate of bacterial growth in the spleen (Fig.  4) and liver (data not shown) slowed. From day 4 to 6, the rate of growth of S. dublin in the recovered mice slowed while bacteria continued to multiply rapidly in the neutropenic controls. The difference between the slopes (rate of growth) in recovered and neutropenic mice was significant (MannWhitney U test, 2-tailed; P ϭ 0.05). This difference shows that PMN play a role in reducing bacterial growth even after the infection is fully established presumably because Salmonella are released by dying macrophages throughout the course of infection.
It has been claimed that Salmonella actually multiply extracellularly in murine livers (28) , where they would be vulnerable to PMN. To try to clarify whether Salmonella were primarily inside macrophages or were extracellular, we did two experiments. In one, we infected mice with phoP-, a macrophagesensitive mutant of S. typhimurium, or purA-, a macrophagesensitive mutant of S. dublin lane; both of these mutants do not survive in macrophages and are avirulent in BALB͞c mice (29, 30) . As expected, neither mutant grew in control mice from day 1 to 3, but neither did they grow in the spleens of neutropenic mice, even though both mutants carry virulence plasmids (Fig. 5) . In contrast, the parent salmonella grew 2-3 logs in two days in neutropenic mice. To be certain that the mutants were not also hypersensitive to killing by PMN, we mixed them with human PMN and normal serum, and they were killed at the same rate as wild-type Salmonella (data not shown). Thus, two different macrophage-sensitive mutants were unable to grow in the liver and spleen of neutropenic BALB͞c mice, which implies that the salmonella were inside macrophages, not growing extracellularly in neutropenic mice. In another experiment, we infected neutropenic mice with S. dublin lane, and, 2 hr later, we treated them with the long acting aminoglycoside antibiotic, amikacin. Three hr later, we killed the mice and cultured their spleens and livers; there was no reduction in cfu in either organ compared with untreated mice (Table 2 ). However, when we treated mice in the same way with ciprofloxacin, an antibiotic that enters into cells (31) , there was a significant (Ͼ2 logs) drop in bacterial counts (Table 2 ). This is further evidence that the S. dublin were inside cells; they were protected from amikacin but susceptible to ciprofloxacin.
These in vivo experiments showed a profound effect of neutropenia on the course of Salmonella infection, which implies that PMN kill Salmonella. We tested this hypothesis in vitro using human PMN because they are easier to obtain in large amounts than mouse PMN. S. dublin was killed rapidly by human PMN, regardless of whether or not the bacteria carry a virulence plasmid. In the presence of 50% normal human serum as an opsonin, 90% of the inoculum was killed within the first 30 min. Without serum, there was neither phagocytosis nor killing (data not shown). With lesser percentages of human serum, we had less phagocytosis, hence less killing (not shown). We repeated the bacterial killing experiment with murine peritoneal exudate cells obtained from mice 3 hr after treatment with casein and fresh mouse serum (32) . The mouse cells (Ϸ75% PMN) were equally bactericidal for S. dublin as human PMN (not shown).
DISCUSSION
Recently, we found that intestinal epithelial cells make interleukin 8 and other chemokines in response to invasion by Salmonella, which implies that PMN play a role of the host defense against Salmonella (33, 34) , and Conlan and North (24) published their observation that neutropenia exacerbates S. typhimurium infection in mice. We now show the deleterious effect of neutropenia on mice infected with S. dublin, but we have found that the importance of PMN depends on the host's Nramp1 allele and on whether S. dublin has its virulence plasmid. To summarize our findings, neutropenia severely compromised the ability of congenic mice (normal Nramp1 allele) to control the growth of S. dublin lane, (plasmid ϩ) (Fig.  2a) . However, if the S. dublin did not have a virulence plasmid (LD842), then PMN were not required to suppress bacterial multiplication (Fig. 2b) , indicating that normal macrophages are sufficient to deal with nontyphoid Salmonella that lack a virulence plasmid but that they are not sufficient to defend against S. dublin with a virulence plasmid. In contrast, neutropenic BALB͞c mice were unable to control the growth of LD842 (Fig. 3) , revealing the profound functional impairment that results from the Nramp1 mutation. Thus, by making mice neutropenic before we infected them with S. dublin lane, we not only confirmed the important role of PMN in this systemic infection, but we revealed the nearly total inability of BALB͞c macrophages to limit the growth of nontyphoid Salmonella in vivo, let alone to kill those bacteria.
Our results also suggest that tissue macrophages in nonimmune mice cannot effectively inhibit the growth of Salmonella that carry a virulence plasmid. Others have shown (35) that the virulence plasmid enhances the growth rate of Salmonella in the liver and spleen. The current experiments show that the virulence plasmid has a much greater effect on the ability of S. dublin to grow in reticuloendothelial system organs than previously believed. In congenic mice, S. dublin lane grew nearly twice as rapidly as LD842 between day 1 and 3 after infection, but the most dramatic difference between the two strains was seen after day 3 of infection. There was no net growth of LD842 in neutropenic congenic mice after day 3 whereas S. dublin lane multiplied nearly as fast in neutropenic mice in the last 3 days as it did in the first 3 days after infection, and three of four mice died before day 6 (Fig. 2) . This implies that macrophages became activated in vivo after a few days of infection because they acquired the ability to prevent further growth of LD842 even in the absence of PMN. However, the same macrophages could not prevent the growth of S. dublin (plasmidϩ) in the absence of PMN. In other words, the virulence plasmid functions to negate the antimicrobial activity of ''activated'' macrophages. In contrast, macrophage activation did not seem to occur in mice with a mutant Nramp1 because LD842 grew exponentially in neutropenic BALB͞c mice until they died. Although BALB͞c mice appear to be resistant to LD842, resistance was entirely caused by PMN.
Using cultured peritoneal macrophages, we were not able to confirm that macrophages from BALB͞c.D2 congenics had more acquired antimicrobial activity than BALB͞c macrophages for LD842. Our assumption was that, by using macrophages from infected mice, the macrophages would have been activated in vivo. [Others have shown (36, 37) that interferon-␥ and tumor necrosis factor-␣ are required for resistance to salmonella in vivo (36, 37) , but there may be other mediators of macrophage activation.] It is possible that activating signals act only locally at sites of infection, so that the peritoneal macrophages were not actually activated cells because i.v.-injected salmonella do not enter the peritoneum (J.F., unpublished observation). It is also possible that bacteria grown overnight in trypticase soy broth were not susceptible to macrophage killing. We know that salmonella change their phenotype in vivo, including altering their lipopolysaccharide (38) .
In vitro, PMN were very efficient at killing Salmonella. The bactericidal effect of PMN against Salmonella has been reported by several groups (39) (40) (41) (42) . The significance of those observations has not been appreciated by most investigators, although some have speculated that the invasion of host cells was a mechanism used by salmonella to escape from PMN (43) . The increased severity of Salmonella infection in neutropenic mice confirms that PMN kill Salmonella in vivo as well as they do in vitro. In contrast, unactivated macrophages have limited bactericidal activity against virulent Salmonella in vitro (44) , and in vivo Salmonella grow quite well in reticuloendothelial system organs (27, 45) .
Based on direct observation of bacteria in hepatocytes, Conlan (24) suggested that they were an important site of bacterial multiplication in neutropenic mice. Our results do not exclude the possibility that hepatocytes are infected by Salmonella, but they suggest that macrophages are the functionally important site of bacterial growth in neutropenic mice. First, within hours after i.v. injection, the Salmonella were protected from the bactericidal effect of amikacin but were killed by ciprofloxacin, which is consistent with the bacteria being in an intracellular location at the start of the infection. Second, the Nramp1 gene had a tremendous effect on the course of infection in neutropenic mice, which, because the Nramp1 gene is expressed in macrophages and not hepatocytes (18) , implies that the bacteria were in the former. Finally, macrophage-sensitive mutants of Salmonella did not become virulent in neutropenic mice. Because those bacteria are not impaired in their growth in cells other than macrophages, their failure to grow more rapidly in neutropenic mice again suggests they were inside macrophages in vivo. However, because the rate of growth of bacteria was slightly faster in the livers than in the spleens of neutropenic mice, they may be multiplying inside hepatocytes as well as in Kupffer cells.
Our conclusion that Salmonella are primarily intracellular in phagocytes in vivo is corroborated in a recent report by Richter-Dahlfors et al. (46) . They infected BALB͞c mice with Ϸ100 cfu of S. typhimurium (all mice died by day 6), and made thick sections of the liver that were examined by confocal microscopy. With immunostaining, they co-localized Salmonella and CD18 positive cells and concluded that the CD18(ϩ) cells were mostly macrophages. Even though they did not find S. typhimurium associated with PMN, their findings are consistent with our results. Because salmonella multiply inside macrophages but PMN kill salmonella quickly, one would expect to see many bacteria inside macrophages and very few in PMN at any time point.
Based on our results, we would like to propose the following hypothesis to explain the resistance of mice to systemic Salmonella infections during the pre-immune phase of infection. We propose that Salmonella initially are ingested by macrophages in the liver and spleen, but, if the salmonella contain a virulence plasmid, they can grow inside macrophages. We assume that the growing salmonella kill the macrophages, and, when released, the bacteria are vulnerable to phagocytosis and killing by PMN; virulence plasmids do not protect Salmonella from killing by PMN. If infected macrophages die by apoptosis (47, 48) in vivo, as they do in vitro, this would be a host defense (1998) mechanism rather than a virulence factor for the Salmonella. Thus, rather than using a capsule to avoid phagocytosis by PMN, nontyphoid Salmonella have adapted to invade ''hospitable'' macrophages to avoid PMN. The adaptations that enable Salmonella to grow in macrophages are very complex, and mutations that affect that adaptation make the organism avirulent, as they are then subject to attack by both kinds of phagocytes. Thus, PMN are the primary host defense against nontyphoid Salmonella that carry virulence plasmids, and macrophage invasion is the principal bacterial strategy.
